Launched in 2006, the U.S. National Institutes of Health (NIH) Clinical and Translational Science Awards (CTSAs) program was designed to foster the integration of basic and clinical science so that fundamental discoveries might more readily be translated into new therapies, devices, or approaches to the prediction and management of disease-all directed toward improving human health (www. ctsacentral.org). Currently, 62 academic institutions-now named "hubs"-hold CTSAs. NIH director Francis Collins has sustained the program and initiated a working group on translational medicine and therapeutics (http:// smrb.od.nih.gov/documents/ reports/TMAT_122010.pdf) that led to the formation of the National Center for Advancing Translational Science (NCATS; www.ncats.nih.gov). In 2012, the U.S. Institute of Medicine (IOM) published a report encouraging NCATS to play a more active leadership role in the CTSA network (1) . T e most recent CTSA fund ing opportunity announcement ref ects a budgetary and programmatic shif responsive to that guidance.
But is this the most ef ective way for the CTSA network and NCATS to inf uence emergence of the clinic of the future-one designed to practice precision medicine? T e nascent plan is to focus the hub network on conventional large-scale clinical trials. However, this era of clinical research is giving way to the application of adaptive-trial methodologies to smaller trials; the integration of electronic medical records (EMRs) with biobank data to pinpoint new disease pathways; and the pursuit of human phenomic science (HPS), deep phenotyping of small numbers of patients to elucidate the functional signif cance of genomic variation. Some CTSA hubs are well positioned to develop and sustain HPS, but this endeavor depends on continued support for (i) clinical and translational research centers (CTRCs), (ii) education of the next generation of interdisciplinary translational scientists in HPS, and (iii) pilot projects-that is, how, where, and by whom such research is performed and how it is funded.
AWARD ACHIEVEMENTS
CTSAs are expensive, although not so when considering their geographical scope and ambitious objectives. T e budget is less than 1% of what is spent by the pharmaceutical and biotechnology industries on research and development. Still, at a time when funding rates for investigator-initiated research are so low, an allocation by NIH of ~$500 million annually is understandably subject to sustained scrutiny. So what has come from this investment?
T e CTSA program had ambitious goals, and its evolution has not been without challenges (2 Clinical and Translational Science Awards-funded institutions are naturally equipped to drive research on human phenotyping and, in turn, shape the practice of precision medicine in the clinic of the future.
Early-career scientists face a future of human phenotyping. CTRCs provide substantial support to young clinical and translational investigators. To frame this in f scal terms alone, the Penn-CHOP integrated CTRC provided subsidies to investigators pursuing NIH-supported research-roughly half of whom are assistant professors-worth $5,325,648 in FY2010, dropping to $3,945,287 in FY2013 as charge-back fees to investigators were gradually introduced.
FOCUS
science institutes (CTSIs) have become natural homes for institutional infrastructure initiatives relevant to this kind of research, including biobanks and regulatory support systems for clinical trials. However, despite this remarkable progress, how one relates these achievements to actual therapeutic or diagnostic breakthroughs remains a matter of debate.
It is important to realize the limitations of outcome measurements. First, we lack proper controls. For example, the translational connectome has grown dramatically during the lifetime of the University of Pennsylvania's Institute for Translational Medicine and T erapeutics (ITMAT) and is much denser among ITMAT members than among those who chose not to join the institute. But might this growth have occurred organically if membership simply ref ects a self-selection of the collaborative scientists on campus? Second, true breakthroughs are rare and usually a long time in the making. In an assessment of research in the United Kingdom, the Wellcome Trust estimated that the average time from target discovery to drug approval is 17 years (www.wellcome.ac.uk/stellent/groups/corporatesite/@sitestudioobjects/documents/ web_document/wtx052110.pdf). However, using an analysis of quality-adjusted life years, it calculated that, for an investment of £11 billion to £17 billion, the bene% t to the UK economy was £55 billion to £91 billion. So the science takes a long time but, even by a narrow de% nition, a$ ords a substantial return on investment. By extrapolation, the clinical value of NIH's investment in the CTSA program, now in its ninth year, would be expected to emerge over the next two decades. During ITMAT's 11-year tenure (anteceding the CTSAs), two programs that have changed clinical practice dramatically are the use of gene therapy to arrest progression of some forms of inherited blindness (6) and the use of "serial killer" T lymphocytes in the treatment of leukemia (7). In both cases, ITMAT provided programmatic support at a time when the investigators had little or none from the private sector or philanthropies. Also, both are examples of science reliant on the integration of studies in model systems with deep phenotyping in small numbers of humans (that is, HPS) and conducted at the Penn-Children's Hospital of Philadelphia (CHOP) interface that has been the focus of ITMAT's e$ orts.
In light of these successes, one noteworthy feature of the CTSA program is its requirement that medical schools and their pediatric hospitals submit joint applications. T is was a forced marriage in some cases (8) , as pediatric hospitals lobbied hard for an independent funding stream. However, the biological continuum of health and disease evolution presents a compelling opportunity to address the pediatricadult segmentation of medical science, and structures were put in place to sustain and develop pediatric research, which was also an emphasis in the recent IOM recommendations. In my view, this is an authentic achievement of the CTSA program. To reap the full bene% ts of HPS, we need technologies for detection and characterization of variability, appropriately trained scientists, controlled environments in which to perform human phenotyping, and seed funding to gather preliminary data for attracting the support necessary to perform such expensive research. Last, our approach to HPS must be f uid, f exible, and fast enough to interact e$ ectively and at scale with EMR and biobank studies. Bulky consortia or contract research organizations (CROs) designed to perform large phase 3 clinical trials lack f exibility and thus are ill-equipped to address questions through HPS. But HPS is precisely the type of science that CTSA hubs are ideally positioned to advance. T e CTSA program drove NIH's costly General Clinical Research Centers to extinction or repurposing. No longer individual % efdoms, CTRCs at individual institutions have broadened their remit across the spectrum of clinical research to include community-engaged research, emphasize deep phenotyping, and integrate adult and pediatric research. T ese centers provide considerable support, of en to early-career investigators, by o$ ering venues in which to perform clinical science and obtain (at low or no cost) ancillary services such as expert nursing, nutritional, informatics, and statistical support. T ey also have developed approaches to quantitative phenotyping that range from evoked physiological responses to remote-sensing technologies that permit both ambulatory and inpatient elements in research protocols. Miniconsortia have facilitated studies of rare diseases in such environments, and individual CTSI hubs harbor expertise in quantitative sciences, such as metabolomics, which can readily be shared with other institutions in support of multisite studies. Most CTSIs have pilot-project funding that can be used to catalyze such research, establishing proofof-concept or other such preliminary data that support the initiation of larger studies. T rough their investment in educational programs, CTSIs are positioned to address the greatest limitation to the pursuit of translational science-investigators skilled in mechanism-based clinical research at the translational interface (9) .
THE FUTURE OF MEDICINE
It is remarkable how few investigators integrate expertise in preclinical models with a sophisticated approach to quantitative phenotyping in humans. T is blend of expertise forms a discipline that has no name and yet is crucial to the interests of NIH-funded science, the pharmaceutical and biotech industries, and the U.S. Food and Drug Administration. By setting aside a segment of educational dollars speci% cally for training in HPS, NCATs could foster a vital discipline within CTSA institutions and industry, which could in turn yield new sustainable career structures, including those that bridge the public and private sectors. T e singular focus of disease-speci% c NIH institutes and centers precludes their spurring of such a revolution. In contrast, the current conditions present a natural opportunity for the multidisciplinary NCATs-but only if it fosters and sustains a funding stream for training in HPS. Last, the encouragement by funders that CTSA- 
UNINTENDED CONSEQUENCES
Despite translational science's decades-long timeline to success, the most recent funding opportunity announcement from NIH signals a repitching of the CTSA program less than a decade into its existence. Roughly 20% of the program's funding will be removed from the hubs and used by NCATS, mostly to foster transconsortial interactions, in accord with the IOM-report recommendations (1).
Although collaboration across hubs is a worthy goal, we must maintain f exibility around the nature of these collaborations. Speci% cally, even if a collaborative network of 62 CTSA institutes (a rather political number) is a realistic near-or medium-term goal, it is highly unlikely to be as time-or cost-ef cient as existing academic networks (such as the Duke Clinical Research Institute) or commercial CROs in the performance of large-scale clinical trials. In developed economies, conventional clinical trials are being outsourced or replaced by smaller, adaptive trials and the EMR-biobank-HPS approach to clinical research. Here is where miniconsortia of CTSA hubs could interact to great e$ ect, with particular relevance to the pursuit of the goals set out in the precision medicine initiative.
Yet the money extracted from individual CTSA hubs to foster collaboration severely restricts support for CTRC-based research, pilot studies, and early-stage investigator training, all of which are fundamental to HPS-where, how, and by whom it is done. T ese restrictions fall most heavily on young investigators and our future work force, the element most crucial to success. T ere are many reasons for budding physician-scientists to choose clinical practice or drop out of training programs (10) , and this erosion of support sends a chilling, albeit unintended, message; we neglect them at our peril. T e f exibility to sustain HPS at CTSA hubs must be maintained if we are to realize the therapeutic potential of translational research.
T e IOM report encouraged CTSA hubs to play to their strengths rather than to try to cover the breath of clinical and translational science with unrealistic resources. Intrinsic to such advice is the need to maintain f exibility among the missions of individual hubs. Perhaps it is time to consider "comprehensive" and "specialized" CTSA hubs akin to cancer centers. Comprehensive hubs might address multiple aspects of clinical and translational science, whereas specialized hubs would have smaller budgets and focus on a particular disease or type of science. Given the current appetite for precision medicine, conspicuously led by NIH, we should use at least some of the CTSAs to foster the development of HPS.
